Tardive dyskinesia (TD) is a severe adverse effect of chronic antipsychotic drug treatment. In addition to clinical risk factors, TD susceptibility is influenced by genetic predisposition. Recently, Syu et al. (2010) reported a genome-wide association screening of TD in Japanese schizophrenia patients. The best result was association of single-nucleotide polymorphism (SNP) rs2445142 in the HSPG2 (heparan sulfate proteoglycan 2) gene with TD. In the present study, we report a replication study of the five top Japanese TDassociated SNPs in two Caucasian TD samples. Applying logistic regression and controlling for relevant clinical risk factors, we were able to replicate the association of HSPG2 SNP rs2445142 with TD in a prospective study sample of 179 Americans of European origin by performing a secondary analysis of the CATIE (Clinical Antipsychotic Trials of Intervention Effectiveness) genome-wide association study data set, and using a perfect proxy surrogate marker (rs878949; P ¼ 0.039). An association of the 'G' risk allele of HSPG2 SNP rs2445142 with TD was also shown in a sample of Jewish Israeli schizophrenia patients (retrospective, cross-sectional design; P ¼ 0.03). Although the associations were only nominally significant, the findings provide further support for the possible involvement of HSPG2 in susceptibility to TD.
Introduction
Tardive dyskinesia (TD) is a chronic adverse effect of prolonged antipsychotic drug treatment, manifesting as abnormal involuntary movements of the face, extremities and trunk.
1,2 TD incidence is estimated as 5% per year for typical, first-generation antipsychotic treatment, 3 and its prevalence among chronic schizophrenia patients treated with antipsychotics is 20-25%. 1, 4 Atypical, second-generation antipsychotics are generally considered less likely to cause TD than first-generation antipsychotics, approximately 1% annually. 5 However, systemic review of B28 000 patients from 12 long-term studies discovered a much higher annualized TD incidence of 3.9% for second-generation antipsychotics compared with 5.5% for first-generation antipsychotics. 6 The clinical risk factors for TD reported in the literature are numerous, and include female gender, older age, duration and intensity of antipsychotic treatment, smoking, organic brain abnormalities and affective disorder. 7, 8 Nevertheless, recent metaanalysis showed that only early extrapyramidal symptoms and non-white ethnic group qualified as TD risk factor among schizophrenia patients. 9 The association with older age was suggestive but inconclusive. 9 In addition, genetic susceptibility contributes to individual susceptibility to develop TD following antipsychotic exposure, 10 and despite methodological difficulties, family studies support a genetic component. 11, 12 The pathogenesis of TD is unknown and may involve supersensitivity of the nigrostriatal pathway dopamine D2 receptors, 13 neuronal damage caused by free radical overproduction 14, 15 and GABAergic system dysregulation. 16, 17 Interestingly, several studies have shown that spontaneous movement disorders, mainly spontaneous dyskinesia, may be present in antipsychotic-naive schizophrenia patients and may represent an intrinsic neuromotor component of this disorder. [18] [19] [20] If this concept is valid, it is not possible to differentiate between dyskinesia related to the illness of schizophrenia and drug-induced TD.
Using a candidate gene approach, several genetic risk factors for TD have been identified with variable support. These include variants within COMT, DRD2, MnSOD, DRD3, HTR2A, CYP1A2 and CYP2D6. [21] [22] [23] [24] [25] [26] Recently, two genomewide association studies (GWASs) and a large candidate gene study of TD were published, based on the Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE) study, using two different definitions for TD phenotype. [27] [28] [29] Although none of the top results reached genome-wide significance, the association of single-nucleotide polymorphism (SNP) rs3943552 in the GLI2 gene with TD was observed in the CATIE sample and independently supported in Jewish Israeli schizophrenia patients of Ashkenazi origin. 29 Syu et al. 30 performed a genome-wide association screening of treatment-resistant TD in Japanese schizophrenia patients. In the first step, they studied association of 40 573 tagging SNPs with TD in a small screening sample of 50 TD and 50 non-TD Japanese schizophrenia subjects. 31 Cases were defined as schizophrenia patients treated with antipsychotics for at least a year, in whom TD persisted for more than 1 year and did not improve even after a year of appropriate therapy. Controls had never developed TD despite antipsychotic exposure of more than 10 years. 31 Although no association was significant after correction for multiple testing, a confirmation step was performed by genotyping the top 63 SNPs in an independent sample of 36 Japanese TD patients and 136 non-TD patients. 30 Four intronic SNPs were nominally associated with TD in both the discovery and confirmation samples: SNP rs2445142 (HSPG2), rs4738269 (KCNB2), rs886292 (ABCC8) and rs2061051 (GABRG3). Focusing on HSPG2, which encodes heparin sulfate proteoglycan 2, an additional 24 tagging SNPs were genotyped in this gene. SNP rs2124368 (not in linkage disequilibrium (LD) with rs2445142) was significantly associated with TD, surviving correction for multiple testing in the validation step. Functional studies provided support for involvement of HSPG2 in TD. The risk allele 'G' of rs2445142 was significantly associated with higher expression of HSPG2 in human brain tissue, and Hspg2 heterozygous knockout mice showed lower levels of vacuous chewing movement induced by chronic treatment with a haloperidol-reserpine regiment when compared with wildtype mice. 30 The authors concluded that higher expression of HSPG2 may be associated with increased TD susceptibility.
In this work, we performed a replication study of the findings of Syu et al. 30 in Caucasian populations. We decided a priori to study only the four SNPs for which TD association in the original discovery sample was supported in the validation step, as well as the additional HSPG2 SNP, rs2124368, which survived correction for multiple testing (five SNPs in all). We used two available TD samples: a crosssectionally evaluated TD sample of Jewish Israeli schizophrenia patients (equivalent to the probable level of TD diagnostic) and a prospectively evaluated European TD sample derived from the CATIE study.
Materials and methods
Jewish Israeli sample Subjects. This sample is essentially the same as reported by us in a previous study, 29 although slightly smaller in terms of participant number (DNAs of four patients were unavailable). Briefly, all 166 participants were Jewish Israeli schizophrenia patients (according to DSM-IV (Diagnostic and Statistical Manual of Mental Disordersfourth edition) criteria), aged418 years. They were screened for TD according to the RDC-TD (Research Diagnostic Criteria for Tardive Dyskinesia). 21, 32, 33 Only patients treated with antipsychotics medication for at least 3 months before TD evaluation were included. Patients with a history of alcohol/substance abuse in the past 5 years or active or past medical/neurologic illness that might confound study evaluations were excluded. The project was approved by the Helsinki Committee (Internal Review Board) of the Hadassah-Hebrew University Medical Center, and participants provided written informed consent. As data for cumulative lifetime antipsychotic exposure were unavailable, we calculated the number of years since first antipsychotic treatment as an indirect indicator for this variable (Table 1) .
Diagnostic instruments. Evaluation tools included standardized checklists for schizophrenia diagnosis according to DSM-IV on the basis of clinical examination and case notes, and the Abnormal Involuntary Movement Scale (AIMS) 34 for assessment of TD. AIMS measures involuntary movements for seven different body regions (orofacial, extremities and trunk) and scores them on a 0-4 scale. To insure consistency in the rating of TD, all raters achieved inter-rater reliability of 40.9, with the principal investigator bearing overall responsibility for the TD assessments, based on the same series of patients, before commencing the study. 32, 33 For the broader TD yes/no phenotype, patients who received a rating of mild dyskinesia (score of 2) in two or more body regions or of moderate or severe dyskinesia (score of 3 to 4) in any one body region were categorized as having TD according to the Schooler-Kane TD-RDC 35 (cases, n ¼ 75). All other patients were classified as non-TD controls (n ¼ 91) (Table 1b) . As patients were assessed only once, the TD diagnosis in our sample corresponds to the category of 'cross-sectional TD'.
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For an additional analysis of extreme distribution of the phenotype, we defined controls as patients whose AIMS score was zero on all seven items evaluated (abnormal involuntary movements were completely absent), whereas cases were the same as described above. This is a much more rigorous definition, resembling conceptually the Japanese TD treatment-resistant phenotype and the extreme phenotype used in the European CATIE TD sample (see below). However, only a small number of patients (32) met this 'extreme control' criterion (Table 1) .
Genotyping. We genotyped the five SNPs of interest (rs2445142, rs2124368, rs4738269, rs886292 and rs2061051) with the Sequenom MassARRAY system at the Washington University Human Genetics Division Genotyping Core (St Louis, MO, USA). Quality control measures were implemented.
Data analysis. To analyze the association of the genotyped SNPs and HSPG2 dyplotypes with TD (two phenotype definitions) in the Jewish Israeli sample, we used logistic regression (additive model). Because of clinical and theoretical considerations (see Introduction), and consistent with our previous study, 29 the following variables were included as covariates: gender, age, years since the inception of antipsychotic treatment and self-reported ancestry (Ashkenazi vs non-Ashkenazi origin). Statistical analysis, including Hardy-Weinberg equilibrium calculation, was performed using PLINK. 39 For our five SNPs, we had sample size power of X0.8 to detect a genetic effect size ranging from 1.9 to 2.25 (depending on each SNP minor allele frequency), with an a of 0.05 in the broader phenotype (as calculated with Quanto software (University of Southern California, Los Angeles, CA, USA)).
CATIE TD sample Subjects. Our original CATIE TD GWAS sample contained 327 patients: 217 of white ancestry (European or Hispanic origin), 102 African Americans and 8 mixed. 29 The analysis was based on phenotypic and genotypic data collected in the CATIE clinical trial and GWAS. 40, 41 Of the five SNPs of interest, four were not included in the original CATIE GWAS. As we did not have access to DNA from the CATIE study, new genotyping was not feasible. Therefore, in the present analysis we used surrogate, genotyped SNPs as proxies for the non-genotyped SNPs. For this reason we included in the current analysis only patients of European origin. This European origin sample included 179 schizophrenia patients, 75 affected with TD and 104 unaffected, according to the criteria described below (Table 1a) .
CATIE study design and pharmacological interventions. The CATIE study was a randomized, controlled, multiphase study, which took place in the United States between January 2001 and December 2004. Its aim was to assess response of schizophrenia patients to antipsychotic medication. 40, 42 A total of 1460 patients diagnosed with schizophrenia (DSM-IV criteria) were included, aged 16-67 years. Our TD GWAS secondary analysis sample included subjects who took part in CATIE phases 1-3 for a maximum of 18 months, with a minimum participation time of 90 days, and also supplied DNA sample. Participants received one of Patients were evaluated for extrapyramidal symptoms at baseline, after 1 month, after 3 months and then every 3 months up to 18 months. Further information regarding the pharmacological intervention regiment, including list of agents used in each of the three trail stages, is given in our previous publication.
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TD assessment. CATIE participants were assessed for TD with AIMS. 34 In this prospective study design, patients were categorized as affected with TD if they demonstrated involuntary movements of a mild degree in two or more body regions or of a moderate to severe degree in at least one body region, on at least two separate evaluations during the follow-up period (including baseline measurement). For TD unaffected (controls), we used a strict, 'clean' phenotype definition-absence of any abnormal involuntary movement (grade 0 on all first seven AIMS items), throughout the whole study period of X90 days. The same approach of extreme definition of phenotypes was implemented by us in our previous CATIE TD GWAS, 29 and is parallel to the narrower, extreme phenotype in the Jewish sample. Data analysis. In total, four SNPs were tested for association (additive model) with the dichotomized TD phenotype, using a logistic regression analysis performed with PLINK. As we had the complete GWAS genotype data (495 172 SNPs) of the CATIE European participants, we used principal components analysis to correct for possible effects of population stratification. 43, 44 In addition to population stratification covariates (computed by HelixTree software (http://www.goldenhelix.com)), the logistic regression included the following covariates: gender, age, treatment with typical antipsychotics (yes/no) and years since first antipsychotic prescription (as an estimate of the unavailable cumulative lifetime exposure to antipsychotics). The covariate selection is identical to our previous CATIE TD GWAS selection, based on the well-established contribution of these variables to TD susceptibility. 29 For our four SNPs, we had sample size power of X0.8 to detect a genetic effect size ranging from 1.85 to 2.2 (depending on each SNP minor allele frequency), with an a of 0.05 (as calculated with Quanto software).
Results

Jewish Israeli sample
None of the SNPs showed deviation from Hardy-Weinberg equilibrium. In the TD yes/no phenotype, the KCNB2 intronic SNP, rs4638269, showed a trend for association with TD at a nominal level of significance (P ¼ 0.056; Table 2a ). The direction of association (risk allele is G) was opposite to that reported in the Japanese sample (risk allele is A). In the TD extreme phenotype, the HSPG2 SNP, rs2445142, was significantly associated with TD (P ¼ 0.03), with G as the risk allele (as in the original Japanese report). In the TD yes/no analysis, only a marginal trend for association was seen (P ¼ 0.13) for this SNP. Additionally, nominally significant association was demonstrable for GABRG3 SNP, rs2061051 (P ¼ 0.01), but in the opposite direction to the association in the Japanese sample (risk allele is A, but G in the Japanese study). As was the case in the Japanese report, the two HSPG2 SNPs (rs2124368 and rs2445142, separated by B40 kb) were not in LD (D 0 ¼ 0.79, r 2 ¼ 0.04). Association analysis of dyplotypes composed of these two SNPs did not yield more significant results than at the single marker level.
CATIE TD sample SNP rs878949, a surrogate with r 2 ¼ 1 in the CEU HapMap sample for Syu et al. 30 marker rs2445142 in HSPG2, was associated with TD in the European origin CATIE TD sample at a nominal level of significance. The major allele T was the TD risk allele (P ¼ 0.039; Table 2b ). As rs878949-T allele represents rs2445142-G allele in Europeans, the direction of association is the same in the European, Israeli and Japanese samples (where TD risk allele is G). This SNP was not in LD with the other HSPG2 SNP, rs2124368 (D 0 ¼ 0.64, r 2 ¼ 0.04). Again, dyplotype analysis did not improve significance level compared with single marker level. No significant associations were found for the other three SNPs studied. None of the SNPs showed deviation from Hardy-Weinberg equilibrium.
Discussion
The main finding of this study is support for the association of SNP rs2445142 in the first intron of HSPG2 with susceptibility to TD. Following a two-step TD genome-wide association screening in Japanese schizophrenia patients, 30 we performed the first reported replication test in two independent samples of Caucasian origin. We found association of the rs878949 SNP (surrogate marker for rs2445142) with TD in the European origin CATIE TD sample. Moreover, association of rs2445142 was nominally significant in the Jewish sample, when applying the extreme Association of HSPG2 with TD in Caucasians L Greenbaum et al phenotype definition, whereas a trend was observed when using the TD yes/no classification. The direction of association in the two Caucasian samples was identical to the original direction reported in the Japanese population (G is risk allele). Interestingly, the rs2445142 risk allele was associated with higher level of HSPG2 expression in postmortem prefrontal cortex in both Australian and Japanese samples. 30 Daily injection of haloperidol for 50 weeks reduced HSPG2 expression in the mouse brain, interpreted as an adaptive or compensatory response to antipsychotics. Moreover, adult Hspg2 heterozygous knockout mice demonstrated significant reduction of vacuous chewing movement when compared with wild-type mice, following chronic treatment with a haloperidol-reserpine combination. 30 Therefore, Syu et al. 30 hypothesized that decreased HSPG2 expression is protective for TD, whereas increased HSPG2 expression level may induce susceptibility to TD, by a mechanism unknown at present. We were not able to support association of the second HSPG2 risk variant reported in the Japanese sample (rs2124368), which is not in LD with rs2445142 in both Japanese and Caucasian populations.
Inclusion of important clinical variables as covariates in the regression model of the two analyzed samples is a clear advantage of the present study. In addition to gender, older age, and second-generation antipsychotic treatment that lower TD rates, 45, 46 several studies have described ethnic differences in TD susceptibility. 47, 48 These possible confounders of the contribution of genetic variables to TD were controlled by the study of genetically homogenous populations and by our logistic regression. As in both samples data on cumulative lifetime exposure to antipsychotics were not available, we subtracted the number of years since first treatment with antipsychotic drugs from the age at TD assessment. This proxy variable for cumulative lifetime exposure to antipsychotics was also included in the regression model. Further advantage is the fact that we analyzed two independent replication samples, each of them larger in terms of participant numbers than the original Japanese sample used for the discovery phase (100 patients).
In addition, we observed association of the GABRG3 SNP, rs2061051, and trend for association of KCNB2 SNP, rs4638269, with TD in the Jewish population (extreme and broad phenotype, respectively), but not in the European CATIE TD sample (rs2061051 was not studied there because of lack for appropriate surrogate marker). However, the association for both SNPs was in the opposite direction to the direction reported in the Japanese population. These findings might be false positive, or represent 'flip-flop' association. 49 This term refers to a situation where the genetic effect direction of a SNP in the validation sample is opposite to the direction originally reported in the discovery sample. 50 Replicating association of a noncausal allele in LD with causative variants in two different populations (in our case, Japanese and Jewish) may lead to inconsistent directions because of differences in LD patterns. 49, 50 Another possible explanation for the 'flip-flop' may be existence of gene-gene or gene-environment interactions not taken into account, as suggested by Lin et al. 49 Future research is required to determine if rs4638269 and rs2061051 Although the evaluation tool in all the samples was the AIMS, the TD phenotype definitions were different between samples. In the original Japanese report, 30 the phenotype was rigorously defined as treatment-resistant TD, a severe form of TD. Cases had TD persisting for more than a year, which did not improve after drug therapy, whereas controls had never developed TD despite more than 10 years of antipsychotic exposure. 31 This phenotype is conceptually similar to our definition of TD in the prospective European CATIE TD sample, where we applied the extreme distribution of phenotype approach. Because of the prolonged clinical surveillance (453 days on average), we defined cases as those who met TD criteria on at least two separate assessments. Controls were completely devoid of any abnormal involuntary movements during the entire CATIE participation period (research phases 1-3). It has been suggested that focusing on the extremes of a sample distribution (as done in both the Japanese sample and the CATIE TD sample) is one of the most advantageous strategies in conducting pharmacogenetic GWASs. 51 To be consistent with the extreme phenotype distribution approach on one hand, but not to lose large number of participants on the other hand, we analyzed the Jewish sample using two different definitions of controls: those who showed some dyskinetic movement but did not reach the RDC-TD level, and those who were devoid of any involuntary abnormal movements, representing a 'cleaner' phenotype (extreme controls). Defining cases and controls as the extremes of a larger distribution is based on the assumption that the majority of patients manifest only partial therapeutic response or adverse effects (in our case, minimal involuntary movements manifestations, not reaching the required TD cutoff). 51 The accuracy of phenotyping patients in the extremes of response distribution is likely to be the highest. Therefore, contrasting extremely good responders vs extremely poor responders maximizes statistical power and was used, for example, by Turner et al. 52 in their pharmacogenetic study of hypertension. Moreover, genotyping of individuals in the extremes of distribution may provide nearly equivalent power to a complete sample. 51 The CATIE TD sample was based on prospective design with multiple evaluations per patients, whereas the retrospective Israeli study employed a cross-sectional design and patients were assessed for TD only once. 21, 22, 32, 33 Therefore, a further consideration is the use of the potentially highly valuable extreme phenotype approach in this cohort sample. Because of the fluctuating nature of TD, and the fact that TD may be suppressed by increasing antipsychotics doses, it is possible that for some patients the classification may not be accurate. This is a valid criticism and should be noted. Although classification based on more than a single measurement (as in the longitudinal CATIE sample) would have been preferable, these data were not available. Thus, the diagnosis of TD is at a probable level according to the RDC-TD criteria. 33 An additional limitation is that in the European CATIE TD association analysis, the risk markers were not genotyped directly (as DNA was not available for us), and the study was performed by analyzing surrogate SNPs. Nevertheless, rs878949 is a perfect proxy for rs2445142 (D 0 ¼ 1, r 2 ¼ 1) and the rs2445142-G allele is equivalent to rs878949-T allele according to CEU HapMap sample. The correlation between rs4738269 and it surrogate rs7009604 in the CEU sample was also very high (D 0 ¼ 1, r 2 ¼ 0.87), although not complete. The necessity to use surrogates forced us to include only patients of European origin (excluding Hispanic) in the CATIE-TD sample, because of substantial differences in r 2 values between European, African and Asian populations. We acknowledge that the CEU HapMap sample may not fully and accurately represent this specific CATIE TD European sample, which was recruited from multiple sites in the United States, but this strategy is currently the widely acceptable one for choosing surrogate markers. Last, we could not control for inter-rater reliability between raters of the CATIE TD sample, and the raters of the Jewish Israeli population. This could introduce a bias because raters may differ in the way they assess the severity of dyskinetic movements. This limitation is partially balanced by focusing on phenotypes from extremes of distribution, intuitively easier to rate and classify than middle range cases with partial response.
All the reported P-values were not corrected for multiple testing. If we had implemented Bonferroni correction, the required P-value would have been 0.003. Nevertheless, we consider at least the rs2445142 association as a true positive. According to the criteria of Sullivan 53 and van den Oord et al. 54 in a replication trial, an uncorrected standard P-value of o0.05 may be used, if association is for the same SNP and phenotype and the direction of effect is the same as in the original report.
The HSPG2 gene, encoding the perlecan proteoglycan, is an emerging candidate for TD. HSPG2 is expressed in basement membranes in several tissues, including brain. 55 It has been previously associated with Alzheimer's disease 56 and intracranial aneurysms. 57 As suggested by Syu et al., 30 its involvement in TD pathophysiology may be related to its influence on cholinergic transmission. Cholinergic medication is used for TD symptom amelioration. 58 Perlecan is involved in localization of the acetylcholinesterase enzyme, which degrades acetylcholine, to the neuromuscular junction. 59 Therefore, perlecan may affect the levels of acetylcholinesterase in the neuromuscular synapse, indirectly modulate cholinergic neurotransmission and contribute to TD susceptibility.
In conclusion, we have presented the results of a replication study of a two-tier Japanese genome-wide association screening for TD, in two Caucasian TD case-control samples. Support for association of the HSPG2 intronic SNP, rs2445142, with TD susceptibility was demonstrated, but further studies are required.
